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Edited by Barry HalliwellAbstract We describe the regulation mechanisms of the Na+-
dependent neutral amino acid transporter ASCT2 via nitric
oxide (NO) in the human intestinal cell line, Caco-2. Exposure
of Caco-2 cells to S-nitrosothiol, such as S-nitroso-N-acetyl-
DL-penicillamine (SNAP) and S-nitrosoglutathione, and the
NO-donor, NOC12, concentration- and time-dependently in-
creased Na+-dependent alanine uptake. Kinetic analyses indi-
cated that SNAP increases the maximal velocity (Vmax) of
Na+-dependent alanine uptake in Caco-2 cells without aﬀecting
the Michaelis–Menten constant (Kt). The stimulatory eﬀect
was partially eliminated by actinomycin D and cycloheximide.
Increased Na+-dependent alanine uptake by SNAP was partially
abolished by the NO scavengers, 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl 3-oxide sodium salt (carboxy-
PTIO) and N-(dithiocarboxy)sarcosine disodium salts (DTCS),
as well as the NADPH oxidase inhibitor, diphenyleneiodonium.
RT-PCR revealed that Caco-2 cells expressed the Na+-depen-
dent neutral amino acid transporter ASCT2, but not the other
Na+-dependent neutral amino acid transporters ATB0,+ and
B0AT1. These results suggested that functional up-regulation
of ASCT2 by SNAP might be partially associated with an in-
crease in the density of transporter protein via de novo synthesis.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Amino acid transporters provide amino acid nutrients to
cells, re-uptake neurotransmitters in the central nervous sys-
tem, (re)absorb materials in the intestine and kidney, and mod-
ulate intracellular redox reactions. The Na+-dependent
transport of neutral amino acids by intestinal cells is catalyzed
by various systems [1]. Among them, system B0 is preferen-
tially responsible for transporting Na+-dependent neutral ami-
no acids from the luminal membrane into enterocytes [2,3] and
renal epithelial cells [2]. The Na+-dependent neutral amino
acid transporter ATB0 has recently been cloned from human
placental (JAR) [2] and intestinal (Caco-2) [4] cell lines, the
functional characteristics of which are similar to those of the
amino acid transport system B0 [5]. Although, ATB0 mediates*Corresponding author. Fax: +81 75 595 4761.
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doi:10.1016/j.febslet.2005.03.065the transport of several neutral amino acids in a Na+-depen-
dent manner and acts as a Na+-dependent exchanger of neutral
amino acids [6], system B0 was originally reported to mediate
the net uptake of neutral amino acids. In addition, the amino
acid sequences of human ATB0 are highly homologous to
those of rat and mouse ASCT2 [7,8], and in fact ATB0 is the
human ortholog of mouse and rat ASCT2. Recently, Bro¨er
et al. [9] have cloned from the mouse kidney the Na+-depen-
dent neutral amino acid transporter B0AT1, which belongs
to the Na+-dependent neurotransmitter transporter family
(SLC6A) and is responsible for the ‘‘real’’ amino acid trans-
port system B0. Therefore, we used ‘‘ASCT2’’ instead of
ATB0 in this study.
Nitric oxide (NO) plays important roles in a multitude of
physiological processes. It is implicated in a wide range of dis-
ease processes, exerting both detrimental and beneﬁcial eﬀects
at the cellular level [10] and it also participates in many of the
physiological and pathophysiological processes in the gastroin-
testinal tract [11]. Inducible nitric oxide synthase (iNOS) is
inactive under normal conditions, but some inﬂammatory
agents such as endotoxin, interleukin-1b, and tumor necrosis
factor-a induce the expression iNOS [12,13]. Although, NO
provides antimicroviral properties during infection [14], over-
production of NO by iNOS causes tissue injury under condi-
tions of inﬂammation or infection [15,16].
Compounds that can donate NO and its redox active forms
are widely used to mimic the eﬀects of NO synthase [17]. In
particular, the S-nitrosothiol class of NO donors can modulate
protein function by transnitrosylation as well as NO release
[18,19]. Bridges et al. [20,21] have shown that the cystine/gluta-
mate transporter and the taurine transporter are up-regulated
by long-term exposure to NO donors such as S-nitroso-N-ace-
tyl-DL-penicillamine (SNAP) and SIN-1, in retinal pigment
epithelial cell. In addition, Smith et al. [22] reported that a
NO donor decreased the activity of reduced folate transporter
(RFT) in a cyclic GMP-independent manner. Furthermore,
Kaye et al. [23] also reported that NO or its congeners
(NOx) generated from SNAP inhibit desipramine-sensitive
norepinephrine transport in a concentration-dependent and
cyclic GMP-independent manner. These reports suggest that
NO is an important regulatory factor in the expression and
function of transporters.
The Na+-dependent neutral amino acid transport system
ASCT2 is a preferential neutral amino acid transport systems
in enterocytes. To provide insight into the NO/NOx-mediated
regulation of the Na+-dependent neutral amino acid transport
system under inﬂammatory conditions or during enterocyte
diﬀerentiation, we examined the eﬀects of S-nitrosothiol andblished by Elsevier B.V. All rights reserved.
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This line is a useful model of intestinal epithelial cells because
it undergoes spontaneous enterocytic diﬀerentiation in vitro
[24,25]. In addition, the features of the Caco-2 transport for
various organic ions and nutrients closely resemble those of
the intestinal epithelium [4,26–28]. Here, we investigated the
eﬀects and regulatory mechanisms of S-nitrosothiol type or
NONOate type NO-donors on Na+-dependent alanine uptake
mediated by the amino acid transporter ASCT2 in Caco-2
cells.2. Materials and methods
2.1. Materials
We purchased L-[2,3-3H]alanine (47 Ci/mmol) and L-[2,3,4,5-3H]-
arginine (61 Ci/mmol) from Amersham Biosciences Co. (Piscataway,
NJ, USA) and [3H]glycylsarcosine (40 Ci/mmol) and [3H]carnitine
(80 Ci/mmol) from American Radiolabeled Chemicals Inc. (St. Louis,
MO, USA). All unlabeled amino acids, diphenyleneiodonium chloride
(DPI), actinomycin D, and cycloheximide were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). SNAP, S-nitrosoglutathione
(GS-NO), 1-hydroxy-2-oxo-3-(N-ethyl-2-aminoethyl)-3-ethyl-1-tria-
zene (NOC12), 3-(4-morpholinyl)sydnonimine hydrochloride (SIN-1),
2-(4-carboxyphenyl)-4,4,5,5,-tetramethylimidazoline-1-oxyl 3-oxide
sodium salt (carboxy-PTIO) and N-(dithiocarboxy)sarcosine disodium
salts (DTCS) were purchased from Dojindo Laboratory (Kumamoto,
Japan). Cell culture media and reagents were obtained from Nacalai
Tesque (Kyoto, Japan). All other chemicals were of the highest com-
mercially available purity.2.2. Cell culture
The human intestinal cell line Caco-2 (passages 88–95) and normal
human intestinal epithelial cells were obtained from Dainippon Phar-
maceuticals (Osaka, Japan). Caco-2 cells were cultured in Dulbeccos
modiﬁed Eagles medium (DMEM) supplemented with 10% fetal bo-
vine serum, 100 U/ml penicillin, 100 lg/ml streptomycin, and 1%
non-essential amino acids [29]. Normal human intestinal epithelial cells
were cultured using the CS-2.0 serum-free medium kit (Applied Cell
Biology Research Institute, Kirkland, WA, USA) according to the
manufacturers instructions. Cells passaged by dissociation in 0.05%
trypsin and 0.02% EDTA were seeded in 24-well culture plates (BD
Biosciences) at a density of 1 · 104 cells/well and reached conﬂuence
7 days later. On the following day, the cells were processed and uptake
was measured.2.3. Uptake measurements
Conﬂuent cells were rinsed three times with uptake buﬀer consisting
of 25 mM HEPES/Tris (pH 7.4), 140 mM NaCl (or choline chloride),
5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, and 5 mM glucose [29].
Uptake was initiated by adding 250 ll of uptake buﬀer containing
[3H]alanine and measured after a 15-min incubation at 37 C. We
investigated the Na+-dependence of the transport process using uptake
buﬀer in which NaCl was isoosmotically substituted with choline chlo-
ride. Uptake was terminated by aspiration followed by two washes
with ice-cold uptake buﬀer. The cells were then solubilized in 1%
SDS in 0.2 M NaOH and placed in scintillation vials to measure radio-
activity.2.4. NO donor eﬀects
To determine the eﬀects of NO/NOx on the Na
+-dependent alanine
uptake in Caco-2 cells, conﬂuent cultures were incubated with serum-
free medium in the presence or absence of the S-nitrosothiol type NO
donor SNAP or the NONOate type NO donor NOC12 (half-life of NO
release: 100 min) for the designated period (usually 16 h). To test the
speciﬁcity of SNAP in stimulating Na+-dependent alanine uptake,
Caco-2 cells were incubated with 1 mM SNAP for 16 h at 37 C with
[3H]alanine and then levels of [3H]arginine, [3H]glycylsarcosine, and
[3H]carnitine uptake were measured for 15 min. The capacity of anti-
oxidant and NO scavengers to inhibit the SNAP-induced stimulationof Na+-dependent alanine uptake was measured by incubating Caco-
2 cells in serum-free culture medium containing SNAP in the presence
of cysteine (1 mM), carboxy-PTIO (300 lM) and DTCS (500 lM). The
cells were also incubated for 16 h with dibutylyl cyclic GMP (0.1 and
1 mM), a cell permeable cyclic GMP analog, and then Na+-dependent
[3H]alanine uptake was measured.2.5. RT-PCR
Total RNA was isolated from Caco-2 cells using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturers
instructions. Reverse transcription proceeded with 5 lg of total RNA
using Superscript II (Invitrogen). The primer sets for ASCT2 were
5 0-CCG CTG ATG ATG AAG TGC-3 0 (forward primer) and 5 0-
CCC CCG ATA GTG TTT GAG-3 0 (reverse primer), which corre-
spond to nucleotides 1692–2197 of cDNA [Accession No. U53347].
The primer sets for ATB0,+ were 5 0-AAA TGC CCG AGT TTC
TTC-3 0 and 5 0-TCT CAT TCC GGT TTT CTG-3 0 (reverse primer),
which correspond to nucleotides 101–2002 of cDNA [Accession No.
AF151978]. The primer sets for B0AT1 were 5 0-CAA TGG CAT
CGT CTT CCT CT-3 0 (forward primer) and 5 0-TTG AAC CTG
TCC ACA CCG TA-3 0 (reverse primer), which correspond to nucleo-
tides 744–1544 of cDNA [Accession No. NM_001003841]. The primer
sets for GAPDH were 5 0-CCA TCA CCA TCT TCC AGG AG-30
(forward primer) and 5 0-CCT GCT TCA CCA CCT TCT TG-3 0 (re-
verse primer), which correspond to nucleotides 278–853 of cDNA
[Accession No. M33197]. The PCR procedure using these primer sets
consisted of denaturation for 2 min at 94 C, and 30 cycles of 94 C
for 45 s, 58 C for 45 s, and 72 C for 90 s. Final extension proceeded
for 7 min at 72 C. The RT-PCR products were separated on 1% aga-
rose gels and stained with ethidium bromide.2.6. Data analysis
Each experiment proceeded using duplicate or triplicate monolayers.
Results are expressed as means ± S.E.M. Statistical signiﬁcance was
determined by Students t test for unpaired samples assuming equal
variance and P < 0.05 was considered signiﬁcant. Statistical diﬀerences
among multiple groups were determined by the one-way analysis
of variance and P < 0.05 was considered signiﬁcant by Dunnetts
test using commercial software (Instat, GraphPad, San Diego, CA,
USA).3. Results
3.1. Functional identiﬁcation of Na+-dependent neutral amino
acid transport system in Caco-2 cells
The transport systems B0, B0+ and ASC are currently
thought to be responsible for Na+-dependent alanine uptake
from the brush-border membrane in the intestine. We initially
investigated the features of Na+-dependent alanine uptake in
Caco-2 cells (Table 1). Unlabeled alanine, serine and cysteine
totally inhibited Na+-dependent [3H]alanine (48 nM) uptake.
Phenylalanine, an aromatic neutral amino acid, also inhibited
Na+-dependent [3H]alanine uptake moderately but signiﬁ-
cantly. On the contrary, arginine (cationic amino acid), the
selective system A substrate, a-methyl-aminoisobutyric acid
(MeAIB), and the selective system L substrate, 2-amino-2-nor-
bornane-carboxylic acid (BCH) did not inhibit Na+-dependent
[3H]alanine uptake (Table 1). These results agreed with those
of previous reports regarding the characteristics of Na+-depen-
dent alanine uptake in Caco-2 cells [30]. In addition, these re-
sults indicated that the functional Na+-dependent neutral/basic
amino acid transport system B0,+ is not expressed in Caco-2
cells. Because the Na+-dependent neutral amino acid transport
system B0 accepts phenylalanine as a substrate, we studied the
eﬀect of Na+ on [3H]phenylalanine (40 nM) uptake in Caco-2
cells. The presence or absence of Na+ in the buﬀer did not
N
a+
-
de
pe
nd
en
t [3
H
]A
la 
up
tak
e
(%
 of
 co
ntr
ol)
50
100
150
200
A Caco-2
Cont.
0.1
mM
1
mM
0.1
mM
1
mM
0.1
mM
0.3
mM
1
mM
*
**
*
*
SNAP GS-NO NOC-12
N
a+
-
de
pe
nd
en
t [3
H
]A
la 
up
tak
e
(%
 of
 co
ntr
ol)
50
100
150
200
250
B Normal human intestine
Cont.
0.1
mM
1
mM
0.1
mM
1
mM
0.1
mM
1
mM
3 mM
0.3
mM
*
*
**
*
SNAP GS-NO NOC-12
Fig. 1. Eﬀects of various NO donors on Na+-dependent alanine
uptake in Caco-2 (A) and in normal human intestinal epithelial (B)
cells. Conﬂuent cells were incubated with nitrosothiol type NO donors,
SNAP and S-nitrosoglutathione (GS-NO), and NONOate type NO
donor NOC-12 for 16 h. Na+-dependent alanine uptake was then
measured at a concentration of 100 lM over 15 min. Control value:
(A) 2.81 ± 0.03 nmol/mg protein/15 min; (B) 1.34 ± 0.03 nmol/mg
protein/15 min. Results are expressed as means ± S.E.M. (n = 5 or 8).
\ P < 0.05, \\P < 0.01 vs. control (non-treated).
Table 1
Eﬀects of various amino acids on Na+-dependent alanine uptake in Caco-2 cells
Competing amino acid [3H]Alanine uptake Na+-dependent uptake % P value
(pmol/mg protein/15 min)
Na+ buﬀer (A) Na+-free buﬀer (B) (A)  (B)
None 2.65 ± 0.54 0.78 ± 0.02 1.87 100
L-Alanine 0.63 ± 0.05 0.39 ± 0.04 0.24 13 <0.001
L-Serine 0.70 ± 0.07 0.40 ± 0.03 0.29 16 <0.001
L-Cysteine 0.80 ± 0.02 0.39 ± 0.04 0.41 22 <0.001
L-Phenylalanine 1.78 ± 0.03 0.35 ± 0.01 1.43 76 <0.001
L-Arginine 2.94 ± 0.33 0.68 ± 0.04 2.26 121 <0.05
MeAIB 2.97 ± 0.16 0.83 ± 0.04 2.14 114 n.s.
BCH 2.60 ± 0.04 0.70 ± 0.03 1.90 102 n.s.
Transport of [3H]alanine (43 nM) was measured for 15 min in the presence or absence of 5 mM unlabeled amino acids. Na+-dependent alanine
uptake was determined by subtracting the uptake values in uptake buﬀer without (choline chloride; B), from those in the same buﬀer with Na+ (A).
Values are means ± S.E.M. for 4–5 determinations over two independent experiments.
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pmol/mg protein/10 min), indicating that system B0 is not ex-
pressed in Caco-2 cells. Therefore, Na+-dependent alanine up-
take in Caco-2 cells might be mediated by system ASC. To
conﬁrm the expression of system ASC in Caco-2 cells, we
investigated the mRNA expression of the transporters
B0AT1, ATB0,+, and ASCT2 responsible for amino acid trans-
port system B0, B0,+, and ASC, respectively, using RT-PCR.
Among the three transporters, only ASCT2 mRNA was ex-
pressed in Caco-2 cells (data not shown). We concluded from
all of these results that Na+-dependent alanine uptake from the
apical side of Caco-2 cells is mediated by the amino acid trans-
porter ASCT2.3.2. Eﬀects of various NO-donors on Na+-dependent alanine
uptake mediated by ASCT2 in Caco-2 cells
We investigated the inﬂuence of various NO donors on Na+-
dependent alanine uptake mediated by ASCT2 in Caco-2 cells.
Exposure of Caco-2 cells to the S-nitrosothiol type NO do-
nors, SNAP and GS-NO, and the NONOate type NO donor
NOC-12 for 16 h signiﬁcantly and concentration-dependently
increased Na+-dependent alanine uptake (Fig. 1A). The obser-
vations were similar in normal human intestinal epithelial cells
as shown in Fig. 1B. Fig. 2A shows the data obtained after
exposing Caco-2 cells for various periods to 1 mM SNAP.
The initial 8 h of exposure to SNAP slightly but signiﬁcantly
increased Na+-dependent alanine uptake, but by 16 h, Na+-
dependent alanine uptake was obviously increased above
control values. To determine whether the stimulation of
Na+-dependent alanine uptake by SNAP is mediated by NO,
Caco-2 cells were incubated for 16 h with or without 1 mM
SNAP in the presence or absence of the NO scavengers, car-
boxy-PTIO and DTCS. Fig. 2B and C shows that NO scaveng-
ers signiﬁcantly, but incompletely reduced SNAP-induced
Na+-dependent alanine uptake. Neither NO scavenger alone
aﬀected Na+-dependent alanine uptake. In addition, 1 lM
DPI (an NADPH oxidase inhibitor) and 100 U/ml superoxide
dismutase partially reduced the SNAP-induced elevation of
Na+-dependent alanine uptake (Fig. 2D). Furthermore, the
peroxynitrite (ONOO) generator SIN-1 increased Na+-
dependent alanine uptake, and this was abolished by the per-
oxynitrite scavenger, 3 lM deferoxamine [31] (Fig. 2E). These
results indicate that the products of the O2 reaction with NO
are partially responsible for up-regulating Na+-dependent ala-
nine uptake activity.
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Fig. 2. Eﬀects of SNAP on Na+-dependent alanine uptake in Caco-2 cells. (A) Time course of stimulation of Na+-dependent alanine uptake in Caco-
2 cells by SNAP. Cells were incubated with 1 mM SNAP for indicated periods at 37 C. Culture medium containing NO donor was replaced with
fresh serum-free medium for up to 16 h. Na+-dependent alanine uptake was measured at a concentration of 100 lM and an incubation period of
15 min. (B, C) Eﬀects of NO scavengers on Na+-dependent alanine uptake in Caco-2 cells. Cells were incubated with 1 mM SNAP and with or
without carboxy-PTIO (300 lM) or ODQ (500 lM) for 16 h at 37 C, then Na+-dependent alanine uptake was measured at a concentration of
100 lM over 15 min. (D) Eﬀect of superoxide radical on SNAP-induced stimulation of Na+-dependent alanine uptake in Caco-2 cells. Cells were
incubated with 1 mM SNAP and with or without 1 lM diphenylene iodonium chloride (DPI, NADPH oxidase inhibitor) or 100 U/ml superoxide
dismutase (SOD) for 16 h at 37 C, and then Na+-dependent alanine uptake was measured at a concentration of 100 lM over 15 min. (E) Eﬀects of
peroxynitrite on Na+-dependent alanine uptake in Caco-2 cells. Conﬂuent cells were incubated with peroxynitrite generator SIN-1 (1 mM) in the
presence or absence of 3 lM deferoxamine for 16 h, and then Na+-dependent alanine uptake was measured at a concentration of 100 lM and over
15 min. Results are expressed as means ± S.E.M. (n = 4 or 8). \ P < 0.05, \\ P < 0.01, \\\ P < 0.001 vs. control (non-treated).
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alanine uptake in Caco-2 cells
Nitric oxide activates soluble guanylyl cyclase (sGC) by di-
rect binding and elevates intracellular cyclic GMP [32,33].
We therefore examined the eﬀect of ODQ, an inhibitor of
sGC, on SNAP-induced Na+-dependent alanine uptake. An
incubation with both SNAP and ODQ did not aﬀect the
SNAP-induced stimulation of Na+-dependent alanine trans-
port (Fig. 3A). Furthermore, exposing Caco-2 cells to dibutylyl
cyclic GMP (0.1 and 1 mM) did not stimulate Na+-dependent
alanine uptake (Fig. 3B). These results suggest that the sGC
activation via NO does not contribute to the SNAP-induced
stimulation of Na+-dependent alanine uptake that is mediated
by ASCT2 in Caco-2 cells.
To further explore the possibility that the up-regulatory ac-
tions of NO are mediated by a cyclic GMP-independent mech-
anism such as the S-nitrosation of thiol residues of a cellular
protein(s), we evaluated the eﬀects of cysteine, a sulfhydryl
compound that could provide a sink for NO-mediated nitrosa-
tion reactions. Fig. 3C shows that although cysteine signiﬁ-
cantly attenuated the SNAP eﬀect, Na+-dependent alanine
uptake by Caco-2 cells was not obviously altered. These data
suggest that the SNAP-mediated up-regulation of Na+-depen-dent alanine uptake is not mediated by cyclic GMP in Caco-2
cells despite an attendant increase in the cyclic GMP content in
response to the NO donor.
3.4. Speciﬁcity of NO-induced stimulation of Na+-dependent
alanine uptake in Caco-2 cells
We further investigated whether the stimulatory eﬀect of
SNAP on Na+-dependent alanine uptake is speciﬁc. Under
identical condition, uptake of arginine (mediated by the amino
acid transport systems b0,+, y+, and B0,+) and glycylsarcosine
(mediated by oligopeptide transporter PepT1) was not inﬂu-
enced by SNAP (Table 2). On the contrary, Na+-dependent
carnitine uptake mediated by OCTN2 was signiﬁcantly de-
creased by 36% by 1 mM SNAP treatment (Table 2), suggest-
ing that the NO-induced increase in Na+-dependent alanine
uptake is speciﬁc.
3.5. Kinetic analysis of NO-induced stimulation of
Na+-dependent alanine transport activity in Caco-2 cells
To further determine the inﬂuence of NO, we investigated
the saturation kinetics of Na+-dependent alanine uptake in
control and in 1 mM SNAP-treated cells (Fig. 4). The control
values for the Michaelis–Menten constant (Kt) and the maxi-
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Fig. 3. (A) Eﬀect of soluble guanylyl cyclase (sGC) inhibitor on SNAP-induced stimulation of Na+-dependent alanine uptake in Caco-2 cells.
Conﬂuent cells were incubated with 1 mM SNAP and with or without 10 lM 1H-(1,2,4)oxadiazolo(4,3-a)quinoxaline-1-one (ODQ, sGC inhibitor)
for 16 h at 37 C, and then Na+-dependent alanine uptake was measured at a concentration of 100 lM over 15 min. (B) Eﬀect of cyclic GMP on Na+-
dependent alanine uptake in Caco-2 cells. Conﬂuent cells were incubated with 0.1 or 1 mM dibutylyl cyclic GMP for 16 h at 37 C, and then Na+-
dependent alanine uptake was measured at a concentration of 100 lM over 15 min. (C) Eﬀect of cysteine on SNAP-induced stimulation of
Na+-dependent alanine uptake in Caco-2 cells. Conﬂuent cells were incubated with 1 mM SNAP and with or without 1 mM cysteine for 16 h at
37 C, and then Na+-dependent alanine uptake was measured at a concentration of 100 lM over 15 min. Results are expressed as means ± S.E.M.
(n = 4 or 8). \\\ P < 0.001 vs. control (non-treated).
Table 2
Speciﬁcity of SNAP-induced stimulation of Na+-dependent alanine
uptake in Caco-2
Substrate Uptake (pmol/mg protein/15 min)
Control SNAP
Alanine (43 nM) 2.17 ± 0.02 (100) 3.20 ± 0.01 (147)
Arginine (49 nM) 1.74 ± 0.02 (100) 1.89 ± 0.01 (109)
Glycylsarcosine (67 nM) 0.24 ± 0.01 (100) 0.28 ± 0.01 (116)
Carnitine (25 nM) 0.28 ± 0.01 (100) 0.18 ± 0.02 (64)
Values are expressed as means ± S.D. of 3–4 experiments. Values in
parentheses are ratios (%) of respective control uptake. Caco-2 cells
were incubated with or without 1 mM SNAP for 16 h, and then uptake
of [3H]alanine and other radiolabeled compounds was measured for
15 min.
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Fig. 4. (A) Saturation kinetics of Na+-dependent alanine uptake in Caco-2
16 h at 37 C, and then Na+-dependent alanine uptake was measured over ala
Hofstee plot. Results are expressed as means ± S.E.M. (n = 3 or 4). L
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mg protein/15 min, respectively. The corresponding values in
SNAP-treated cells were 142 ± 28.5 lM and 22.7 ± 1.45 nmol/
mg protein/15 min. Thus, the stimulatory eﬀect of SNAP on
Na+-dependent alanine uptake was primarily due to a 3.0-fold
increased in the Vmax value with a slight change in the Kt value
that reﬂects substrate aﬃnity.
We examined the inﬂuence of cycloheximide (an inhibitor of
translation) and actinomycin D (an inhibitor of transcription)
on the SNAP-induced increase in ASCT2 transporter activity.
Both compounds partially but signiﬁcantly reduced the SNAP-
induced stimulation of Na+-dependent alanine uptake in Caco-
2 cells (Fig. 5A and B). Incubating the cells with SNAP in the
absence of actinomycin D or cycloheximide (control) resulteduptake / [alanine]
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Fig. 5. Eﬀects of actinomycin D (A) and cycloheximide (B) on SNAP-induced stimulation of Na+-dependent alanine uptake in Caco-2 cells.
Conﬂuent cells were incubated with or without 1 mM SNAP in the presence of actinomycin D (Ac-D, 500 ng/ml) or cycloheximide (CHX, 1 lM) for
16 h at 37 C. Na+-dependent alanine uptake was measured at a concentration of 100 lM and over 15 min. Data points represent means ± S.E.M.
(n = 3 or 4). \\\ P < 0.001 by ANOVA. See Section 2 for conditions of semi-quantitative RT-PCR.
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scribed above. Semi-quantitative RT-PCR revealed that
1 mM SNAP up-regulated the steady-state level of ASCT2
mRNA in Caco-2 cells, whereas actinomycin D reversed the
increased ASCT2 mRNA level, which is consistent with the
uptake ﬁndings (Fig. 4). These results indicate that the stimu-
latory eﬀect of SNAP on the activity of the amino acid trans-
porter ASCT2 partly involves de novo synthesis of RNA and
protein. In addition, because both inhibitors could not com-
pletely inhibit SNAP-induced ASCT2 up-regulation, other reg-
ulatory mechanisms might be involved in the stimulation of
Na+-dependent alanine uptake via ASCT2.4. Discussion
We initially attempted to identify the Na+-dependent alanine
transporter expressed on the apical side of Caco-2 cells. Na+-
dependent [3H]alanine uptake was completely inhibited by an
excess of alanine, serine and cysteine, and moderately inhibited
by phenylalanine. In contrast, unlabeled arginine, MeAIB, and
BCH, did not aﬀect the Na+-dependent [3H]alanine uptake
(Table 1). These results concurred with those of Pan and Ste-
vens [30], in which Na+-dependent alanine uptake in Caco-2
cells was preferentially (>95%) mediated by the Na+-depen-
dent neutral amino acid transport system B0. However,
although system B0 is supposed to accept phenylalanine as a
good substrate, we could not identify Na+-dependent phenylal-
anine transport in Caco-2 cells. In addition, RT-PCR did not
amplify the mRNA of B0AT1 responsible for system B0 in
Caco-2 cells. The present results together with those of others
indicate that most components of Na+-dependent alanine up-
take from the apical side of Caco-2 are mediated by the
Na+-dependent neutral amino acid transport system, ASC,
but not by others such as B0 and A [1].The stimulatory eﬀect of NO on Na+-dependent alanine up-
take mediated by ASCT2 was time- and concentration-depen-
dent. The Na+-dependent uptake of alanine gradually
increased over time. The increase in Na+-dependent alanine
uptake was obvious at 16 h (Fig. 2A). The NO scavengers, car-
boxy-PTIO andDTCS, reduced the SNAP-induced stimulation
of Na+-dependent alanine uptake (Fig. 2B and C). SNAP is
converted after releasing NO to acetyl-D,L-penicillamine, which
structurally resembles amino acids. To rule out the possibility
that acetyl-D,L-penicillamine and related compounds increase
Na+-dependent alanine uptake, we investigated the eﬀects of
D-penicillamine and acetyl-D,L-penicillamine on Na+-depen-
dent alanine uptake. Neither compound had any stimulatory
eﬀect on Na+-dependent alanine uptake (data not shown).
These data support the notion that the eﬀect of SNAP on
Na+-dependent alanine uptake was mediated by NO.
Nitric oxide is a key messenger that is involved in various
physiological and pathological processes. It activates sGC to
produce cyclic GMP, which regulates cellular physiology by
activating protein kinases, directly gating speciﬁc ion channels,
or altering intracellular cyclic nucleotide concentrations
through the regulation of phosphodiesterases [32,33]. How-
ever, Fig. 3C shows that simultaneous exposure to the sGC
inhibitor ODQ and SNAP could not inhibit SNAP-induced
Na+-dependent alanine uptake (Fig. 3C) and neither did expo-
sure to dibutylyl cyclic GMP (Fig. 3B). These results suggest
that sGC activation and increased intracellular cyclic GMP
levels do not participate in the up-regulation of Na+-dependent
alanine uptake. Kaye et al. [23] reported that whereas SNAP
decreased the Na+ and Cl-dependent norepinephrine trans-
porter (NET) in PC-12 cells, its eﬀect was not mimicked by
exposure to 8-bromo-cyclic GMP. Our ﬁnding that the
SNAP-induced stimulation of Na+-dependent alanine uptake
is independent of the increase in the intracellular cyclic GMP
level agrees with these results.
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are reduced thiol, molecular oxygen, metals and reactive oxy-
gen species such as O2 [31] that is generated by a membrane
bound enzyme complex and reduced nicotinamide dinucleotide
phosphate (NADPH) oxidases (Noxs) [34]. Caco-2 cells ex-
press various Noxs, such as Nox1, Nox4, and Nox5 [34,35].
Therefore, in addition to NO itself, the reaction products of
O2 with NO might attenuate the Na
+-dependent alanine up-
take in Caco-2 cells. Indeed, peroxynitrite stimulated Na+-
dependent alanine transport (Fig. 2E), and the Nox inhibitor
DPI and superoxide dismutase partially inhibited SNAP-
induced Na+-dependent alanine transport (Fig. 2D). These re-
sults indicate that NO-related radicals as well as NO itself
might be responsible for stimulating Na+-dependent alanine
uptake by SNAP. The most prevalent nucleophile in biological
systems is reduced thiol [36]. In this study, cysteine signiﬁ-
cantly attenuated the SNAP-induced stimulation of Na+-
dependent alanine uptake by Caco-2 cells (Fig. 3C). This
ﬁnding was consistent with those of Smith et al. [22] who found
that NO-induced the RFT is inhibited via modiﬁcation of an
essential thiol group by various agents.
The saturation kinetics showed that the increased ASCT2
activity in the presence of SNAP was due to an increase in
the maximal velocity of the transporter, but not due to a
change in substrate aﬃnity. This result suggests that the trans-
porter protein level is increased at the apical membrane in
Caco-2 cells. To further test this notion, Caco-2 cells were
simultaneously incubated with actinomycin D, cycloheximide
and SNAP. Both actinomycin D and cycloheximide partly de-
creased the stimulatory eﬀect of SNAP on Na+-dependent ala-
nine uptake.
Semi-quantitative RT-PCR showed that NO increases the
steady-state level of ASCT2 mRNA in Caco-2 cells. There-
fore, increased Na+-dependent alanine uptake is partly due
to de novo synthesis of the transporter protein. These results
also suggest that the up-regulation mechanism of system
B0 is not only de novo protein synthesis but also other
mechanisms.
Hemish et al. [37] reported that NO (SNAP) activates di-
verse signaling pathways to regulate gene expression mediated
by NF-jB, phosphatidylinositol 3-kinase, protein kinase C,
and p53. They also reported that SNAP induces the distinct
and very rapid (30 min), medium-term (4 h) and long-term
(12 h) induction of gene activity. The present study did not
address the speciﬁc mechanism by which NO regulates the
expression of Na+-dependent alanine transporter ASCT2.
We speculate that NO-induced stimulation of Na+-dependent
alanine transport is caused by a combination of several inde-
pendent signaling pathways as alluded to above. Further stud-
ies are required to address the NO-induced up-regulation of
ASCT2 in Caco-2 cells.
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